We show that dipolar interactions between amphiphilic bilayers lead to a ripple phase. The ripple wave number undergoes a jump at a critical amphiphilic concentration. Quantitative and qualitative agreements with experiments are obtained. We present a general argument on the ripple asymmetry based on a spontaneous parity breaking, while the system is structurally symmetric (no molecular chirality, etc.). On the general ground we have discovered that anisotropic interactions between lines, surfaces, etc., lead generically to instabilities. This confers to this work an impact going beyond the physical system under consideration. [S0031-9007(98) PACS numbers: 87.22. -q Phospholipid molecules in water spontaneously selfassemble to form bilayer membranes. These membranes can form a variety of phases ranging from spatially organized structures to disorder, depending on temperature and water content. Of particular interest are the lamellar phases. Over a wide range of temperature and water content the membranes form a parallel array separated by water. The bilayers may themselves undergo an internal order. On decreasing temperature, they exhibit a transition from a fluidlike behavior (the L a phase), into a solid one (L b 0 ), where the molecules acquire a nonzero tilt angle. This transition is preceded by a puzzling phase: the rippled phase (P b 0 ) characterized by a periodic corrugation of the membrane and by an asymmetry with respect to the axis perpendicular to the lamellae. Typical interbilayer distances and ripple wavelengths fall in the range of 1 to a few nm. Numerous experimental studies are devoted to this topic [1] . The origin of the ripple phase has, however, remained obscure. Several ideas were put forward. Goldstein and Leibler [2,3] postulated an effective negative surface tension. This has allowed them to capture essential features of the rippling transition diagram.
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A question of primary importance is the understanding of the origin of an effective negative "surface tension." This is the first goal of this Letter. Along these lines, Carlson and Sethna [4] used a phenomenological picture evoking the packing competition between molecular headgroups and hydrocarbon chains. Lubensky and MacKintosh [5] show from symmetry arguments that the coupling between the molecular tilt and the membrane modulation leads to a destabilizing term which reduces the longitudinal elastic constant associated with the tilt energy of the bilayer. Seifert et al. [6] used a similar formulation as in [5] , but which has the great advantage of selecting a long length and not an atomic length as in [5] .
These three groups use models [4] [5] [6] which are intramembrane (see [7] for some questions about intramembrane contributions), and that, therefore, by their very nature, cannot account for the critical intermembrane distance for the appearance of the rippling as reported by experiments.
A second dilemma addressed here concerns the ripples asymmetry. Previous models refer to molecular asymmetry [4, 5] to account for it. Recent experiments on phosphatidylcholine multilayers [8] show, however, that ripple asymmetry is observed both in chiral and achiral systems. This points to the nontrivial fact that the ripple asymmetry is not related to the underlying molecular chirality.
In this Letter we present a solution to these two questions. This is achieved as follows. (i) The first point is resolved by the recognition that dipolar interactions lead to ripples. A membrane modulation reduces the dipolar energy. We show that the ripple wave number exhibits a jump at a critical intermembrane distance, precisely as is observed in experiments. The order of magnitudes of the ripple wavelength, together with its evolution on the water content, impressively agree with experimental observations. (ii) We provide a general argument based on (spatial) symmetry considerations to explain the origin of the membrane asymmetry. We show explicitly that an asymmetry does indeed occur spontaneously.
First we must draw attention to challenging questions. This concerns both the determination of the dipole direction and whether it has an average nonzero value in a continuum picture or not. Measurements [9] together with molecular dynamic simulations [10] reveal that in both the L a and L b 0 phases the dipole is almost parallel to the bilayer. Moreover, the P-N segment which makes a finite angle with the bilayer exhibits a bimodal distribution. In several studies [11] the existence of a nonzero dipole perpendicular to the plane of a monolayer is admitted. In the absence of a more precise and general statement, we shall assume an average dipole (in a continuum spirit) pointing in some arbitrary direction. It will be seen that ripples appear regardless of that orientation.
Let us first show that dipolar interactions between two surfaces lead to modulation. Consider two surfaces separated by some distance, and let P and P 0 designate the vectorial dipole density (dipole per unit surface on each sheet). If E denotes the electric field created by surface S at S 0 , then the total interaction energy takes the form
In order to evaluate the full energy for arbitrary surfaces use can be made of Green's functions techniques [12] . Here since our study is confined to linear stability a direct calculation can be used as well. The reference state is the one where the two surfaces are parallel. As in any stability problem, we evaluate (1) for small surface modulations. We consider one dimensional deformations only, an assumption which is unimportant for small perturbations. We take advantage of the fact that for 1D deformations (considered here) the surfaces can be viewed as formed by parallel straight dipolar lines along the y direction ( Fig. 1 ). The deformation is parametrized by z͑x͒. Each line along the y direction creates a dipolar field. It is convenient to consider first that each line is formed by two arbitrarily close charged lines. We first obtain the field created by the straight charged line. Then the dipolar field can easily be extracted. The field created by a charged line with charge Q and length L y is E l 2͑Q͞2pL y´0 r 2 ͒r where´0 is the medium permittivity. Because we are interested in small perturbations, it suffices to consider only one Fourier component. The surface S is parametrized as z d 1 e cos͑qx 2 f 0 ͒, f 0 is some phase and will be defined as f 0 qx 0 . The quantity d is representing the distance between the original plane surface and the point where the field is calculated (Fig. 1) . The field created by the modulated charged surface is simply the sum over the whole lines. This yields The factor N͞L x represents the number density (number per unit length in the x direction). To the leading order in e we obtain
where E 0 is the field due to the planar surface, and s Q͑͞L x L y ͒ is the charge density. The field due to the dipoles (two close charged surfaces) can be written as E E c ͑r 0 1 a͒ 2 E c ͑r 0 ͒ Ӎ a ? =E c , where a is a small quantity representing the vector between the two charged surfaces, and
where P as is the dipole density, and a is the angle between the dipole and the z axis. We take the convention P P͓sin͑a͒x 2 cos͑a͒ẑ͔. The distance d between the surface S and a given dipole on S 0 has the form d d 0 2 e cos͑qx 0 2 w͒, where w is the phase shift between the two surfaces (we consider the general case where the surface modulations are not necessarily in phase). Plugging (4) into (1) we obtain immediately (we adopt the definition P 0 P͓2 sin͑a 0 ͒x 1 cos͑a 0 ͒ẑ͔, so that antiparallel dipoles correspond to a a 0 ) the total energy between the modulated surfaces
Expression (5) is the first principal result of this work. The dipolar interaction leads to a morphological instability of the surfaces. The minimal value of the energy is obtained for a 1 a 0 2 w 0. If the dipole directions are given, then the surfaces select an appropriate phase shift so that the above equality can be verified. There are two particular cases: (i) a a 0 0, in which case w 0, and the two surfaces form a varicose type instability. (ii) a a 0 p͞2, this implies w p; the surfaces modulate in phase opposition (strangling mode). Note also that the q 3 factor must be understood as jqjq 2 . The absolute value is symptomatic of nonlocal Coulomb interactions.
To date the origin of membrane rippling has remained obscure. Here we suggest that this results from the dipolar interaction between the polar heads of the molecules. For that purpose we must include the other interactions [2] . Most important are (i) the curvature (Helfrich) energy of the membrane, which stabilizes the planar membrane, and (ii) the "hydration" repulsion which is stabilizing as well. The physical origin of the socalled hydration is still a matter of debate [13, 14] .
There is, however, no experimental doubt [13, 15] that the bilayers experience a repulsive force which decays exponentially with separation for distances lying typically in the range ,2 3 nm. Since experiments on ripples [16] are concerned with bilayer distances in this range, it is legitimate to disregard other forces (e.g., undulation, van de Walls, etc.) acting at larger separations.
We consider below that the dipoles point on the average along some direction measured by angle a (in which case the dipolar energy is minimal for f 2a). Incorporation of these energies together with (5) yields to leading order
where H is the hydration energy [16] , l is the hydration penetration length, and k is the membrane rigidity. For a given mean distance between the bilayers, we can calculate the optimal wave number. This can be performed numerically. E possesses a minimum for q 0 which can either correspond to a metastable or a stable state. For large q the rigidity term prevails. There is an intermediate range where the dipolar term competes with the two others and leads to a minimum in the energy. This minimum becomes an absolute minimum above a critical value of d 0 . Figure 2 summarizes our results.
The wave vector as a function of d 0 exhibits a jump at a critical value of the bilayer distance. The transition is of first order, or more precisely the planar solution undergoes a saddle-node bifurcation. We use typical values for the hydration energy in the literature [16] H ϳ 0.1 1 J͞m 2 , l ϳ 0.25 nm, and take for the rigidity k ϳ ͑10 20͒ k B T (T is the room temperature; this amounts to k ϳ 1͞4 1͞2 eV). As for the dipole intensity, we take as an order of magnitude (from a dimensional analysis) a molecular length times an elementary charge: p ϳ 1 3 10 228 C 3 m. This implies a wavelength for the ripples of the order of a few nm. This is quite consistent with experimental values [16] . The curve q (Fig. 2) exhibits a jump in experiments and has the same qualitative and quantitative behavior as the one displayed on Fig. 2 of Ref. [16] in the range explored by experiments (typically 0.5 1.5 nm). At larger distances other interactions must intervene (see below) leading possibly to a significant shift of the maximum in Fig. 2 and/or to a qualitative change. This question is beyond the scope of this Letter.
A few remarks are in order. (i) For larger separations (typically .2 3 nm) other interactions, such as the van der Waals forces as well as the Helfrich entropic confinement, must be included. (ii) It is puzzling to note that (a) the P b 0 is formed when the phosphorylcholine headgroup is matched with two saturated hydrocarbon chains containing an equal number of carbons (e.g., dipalmitoylphosphatidylcholine). Alteration of that requirement by acting either on the degree of saturation or the chain lengths mismatch causes the P b 0 to disappear (e.g., in dioleoylphosphatidylcholine). (b) It seems generic that every lipid/ water system exhibiting a P b 0 phase has a lower gel temperature where the lipid tails are tilted with respect to the bilayer normal. At present we have no explanation for this fact. The present model has focused only on the fact that dipolar interaction between bilayers can lead to a morphological instability. However, the transition to an ordered crystallinelike (L b 0 ) structure (not accounted for here) can be strongly affected by chemical alteration so that the ripple phase, although potentially present, becomes dominated by the appearance of the L b 0 phase. That is to say a direct transition from L a to L b 0 would prevail. A clear answer would require careful microscopic considerations.
We now turn to the other important feature of the ripple phase, the asymmetry. Recent experiments [8] reveal that asymmetry is observed in both chiral and achiral systems. This gives strong hints to the fact that the asymmetry is likely related to a spontaneous symmetry breaking of the surface profile itself. This is what we present now. To first approximation in any stability theory-as done above-the calculation is confined to second order in perturbation, using a one Fourier component. As the new state takes place, higher nonlinearities become relevant, and there is no reason to disregard higher harmonics. Incidentally, Wack and Web [16] report that the second harmonic is even larger than the first one. Therefore, a more precise form for the ripple would be (we use now complex notations for convenience) z a 1 e iqx 1 a 2 e 2iqx 1 c.c. ,
where a 1 A 1 e ic 1 and a 2 A 1 e ic 1 are complex amplitudes, A i and c i are the modulus and the phases, respectively. Equation (7) can be rewritten as
where C c 2 2 2c 1 plays the role of an "order parameter" for the asymmetry: C fi 0 implies an asymmetry for the membrane profile. This quantity is nonzero where one crosses some boundary in parameter space, to be discussed below. This boundary corresponds to the limit of a spontaneous parity-breaking transition of the ripple. We have performed the general calculation of the full energy (hydration, curvature, and dipolar interactions). The full expression (including the coefficients in terms of physical parameters) is lengthy and will be published elsewhere [17] . However, the form of the total energy can be reproduced on the basis of symmetries. The total energy E ͑a 1 , a 2 ͒ is, in principle, a function of the two complex amplitudes (four variables). In reality there are only three independent quantities due to translational in- 2 ) can be obtained from these ones. The free energy takes the general form
The a i 's are functions of physical parameters (e.g., rigidity) and wave number. Note that a 1 , 0 (as we have shown due to the primary instability). Minimization with respect to A 1 , A 2 , and cos͑c͒ yields the equilibrium values. Had we limited ourselves to first order in cos͑c͒ we would then have the simple condition c 0 or p; that is, a symmetric profile minimizes the energy. There is a need to go to the next order in cos͑c͒, which has been written in our expansion above as cos͑2c͒. For the solution to be asymmetric the constraint a 5 . 0 must be fulfilled, otherwise higher order expansions must be evoked. On the other hand, minimization leads to a value of cos͑c͒ (and A 1 and A 2 ) as a function of the (physical) parameters a i 's. The condition jcos͑c͒j , 1 defines a region in parameter space where asymmetric solutions exist. The evaluation of a's derived for the present model (curvature, hydration, and dipolar interactions) reveals finite ranges of physical parameters where parity symmetry is spontaneously broken. In summary we have shown that dipolar interactions lead to a ripple phase at a critical value of the interbilayers distance (or equivalently amphiphilic concentration). The transition results as a compromise between hydration (repulsion at short distance), curvature, and dipolar interaction. The wave number as a function of the amphiphilic concentration undergoes a jump. The qualitative and quantitative agreements between our theory and experiments [16] are satisfactory. We have given a general argument based on symmetries according to which the interaction between first and second harmonics is responsible for a spontaneous parity-breaking transition. This differs from previous studies where microscopic intrinsic symmetries (molecular asymmetry) are evoked. Finally, with regards to dipolar interaction, it is important to reiterate that this result goes much beyond the scope of amphiphilic systems. Namely, dipolar interactions between surfaces cause instabilities. The same scenario should obviously hold for magnetic interactions and possibly interactions of other natures (e.g., elastic).
